Equine infectious anemia virus (EIAV) is genetically one of the simplest lentiviruses in that the viral genome encodes only three accessory genes, tat, rev, and S2. Although serological analyses demonstrate the expression of the S2 protein in persistently infected horses, the role of this viral gene remains undefined. We recently reported that the S2 gene is not essential for EIAV replication in primary equine macrophages, as EIAV mutants lacking the S2 gene replicate to levels similar to those of the parental virus (F. Li, B. A. Puffer, and R. C. Montelaro, J. Virol. 72:8344-8348, 1998). We now describe in vivo studies that examine the evolution and role of the S2 gene in ponies experimentally infected with EIAV. The results of these studies reveal for the first time that the S2 gene is highly conserved during persistent infection and that deletion of the S2 gene reduces viral virulence and virus replication levels compared to those of the parental virus containing a functional S2 gene. These data indicate that the EIAV S2 gene is in fact an important determinant of viral replication and pathogenic properties in vivo, despite the evident lack of S2 influence on viral replication levels in vitro. Thus, these observations suggest in vivo functions of EIAV S2 that are not adequately reflected in simple infections of cultured cells, including natural target macrophages.
The relative genetic simplicity of the equine infectious anemia virus (EIAV) genome and the availability of an animal model for investigating EIAV pathogenesis provide a useful model system in which to examine the contribution of specific viral genes in lentivirus replication, persistence, and pathogenesis (16) . In addition to the gag, pol, and env genes, which are present in the genomes of all retroviruses, EIAV contains only three auxiliary genes, the tat and rev genes, which are common to all lentiviruses, and the novel S2 gene, which is of unknown function and does not evidently correspond to any known lentivirus accessory gene. The S2 gene is located in the pol-env intergenic region immediately following the second exon of Tat and overlapping the amino terminus of the Env protein. The S2 open reading frame is common to all published EIAV proviral sequences and contains three potential functional motifs: GLFG (putative nucleoporin motif), PXXP (putative SH3 domain binding motif), and RRKQETKK (putative nuclear localization sequence) (9) . Previous studies demonstrate the presence of serum antibodies to S2-specific peptides (20) in EIAV-infected horses, indicating that the S2 protein is expressed in vivo, presumably performing a function in viral replication. However, recent studies from our lab demonstrate that the S2 gene is not essential for virus replication in vitro (9) ; molecular cloned viruses with wild-type or mutated S2 genes displayed similar growth kinetics in cultured equine macrophages, the natural target of EIAV. Thus, the role of S2 in EIAV replication remains to be defined.
In light of previous studies with lentiviral accessory genes, such as simian immunodeficiency virus (SIV) nef (6) , it is apparent that the relevance of a specific gene function may differ substantially in vitro in cell culture and in vivo in infected animals. To date, there has been no published assessment of S2 function during EIAV replication in experimentally infected horses. Thus, the current study was designed to examine the genetic evolution of the S2 gene during sequential disease cycles in experimentally infected ponies and to evaluate directly the role of the S2 gene in determining viral replication properties in vivo.
To characterize the genetic evolution of the EIAV S2 gene in experimentally infected ponies, we analyzed the S2 gene sequences of viral genomic RNA in plasma samples in two ponies infected with our reference pathogenic EIAV PV biological clone. Samples were taken during selected sequential febrile episodes characteristic of the initial chronic equine infectious anemia and during the later asymptomatic infection associated with the progression to long-term inapparent carriage (Fig. 1) . Procedures for experimental infection, RNA purification, reverse transcriptase PCR (RT-PCR), cloning, and sequence analyses have been extensively described elsewhere for analyses of the evolution of the viral envelope gene in these experimentally infected ponies (8) . In brief, seronegative Shetland ponies 564 and 567 were inoculated intravenously with 10 3 50% tissue culture infective doses of EIAV PV . Both pony 564 and pony 567 experienced five disease cycles, as measured by fever and platelet reduction. For plasma samples taken during febrile episodes and associated viremias, RNA purification and RT-PCR were performed directly on plasma samples, several independent RT-PCR products were cloned into either the low-copy-number vector pLG338 or the pGEM5ZF(ϩ) T-A vector (Promega), and the positive clones were sequenced with a Taq Dye Deoxy Terminator Cycle Se-quence kit (Applied Biosystems) and an ABI Prism 373 DNA sequencer (Applied Biosystems). Because of the low levels of viral RNA in plasma of inapparent carriers infected with EIAV, the long PCR protocols were unsuccessful in amplifying viral RNA from the plasma samples taken during asymptomatic infection. Therefore, equine macrophages were isolated from each inapparent carrier at 800 days postinfection (dpi) and cultured as described by Raabe et al. (18) . Following 8 days in culture, supernatants of each macrophage culture were successfully used for RNA extraction, RT-PCR, and cloning and sequencing.
In total, the nucleotide sequences of the S2 gene from 20 clones spanning febrile episodes I, II, III, IV, and V and inapparent carrier stage of pony 564 and 16 clones spanning the febrile episodes II and V and inapparent stage of pony 567 were analyzed. The results of these sequencing analyses are summarized in Fig. 2 as translated amino acid sequences and are compared to the parental EIAV PV consensus S2 sequence. Examination of these sequence data revealed that the S2 amino acid sequences were highly conserved in vivo during the 27-month observation period. All S2 sequences during the sequential febrile episodes and inapparent stage were full length with an intact open reading frame and only minor localized amino acid variations. The three putative S2 functional motifs (GLFG, PXXP, and RRKQETKK) were all highly conserved.
In contrast to these highly conserved S2 motifs, a relatively high frequency of amino acid substitutions was evident in one segment of S2 located between the putative SH3 domain binding motif and the nuclear localization motifs. In certain cases, identical substitutions were found to occur or reoccur at specific amino acids in this variable region during successive febrile episodes and/or during inapparent carrier infection. Examples include a leucine (L)-to-proline (P) change at amino acid 34, an arginine (R)-to-lysine (K) or -glycine (G) change at amino acid 38, a threonine (T)-to-serine (S) change at amino acid 39, a glutamine (Q)-to-arginine (R) change at amino acid 40, and another leucine (L)-to-proline (P) change at amino acid 44. Because the initiation codon for the envelope gene is 23 bp downstream of the S2 start codon, resulting in the overlapping of most of the S2 open reading frame with the envelope open reading frame, it was possible that the observed FIG. 2. Analysis of S2 evolution in experimentally infected ponies. The region spanning the S2 gene was sequenced from EIAV PV stock and plasma viral RNA obtained during febrile episodes and during long-term asymptomatic infection of EIAV PV -infected pony 564 and pony 567 (see Fig. 1 ). The deduced amino acid sequences were aligned and compared to S2 consensus derived from EIAV PV . A dot indicates an amino acid identical to the consensus sequence.
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variations reflected selection for changes from the overlapping envelope gene during disease progression. Among the five most frequent substitutions observed in the S2 gene in pony 564 and pony 567, however, only the conservative threonine (T)-to-serine (S) change at amino acid 39 in pony 564 is coincident with a substitution occurring in the overlapping region of the envelope gene. The remaining substitutions are specific for the S2 amino acid sequence without altering envelope residues. Previous sequencing studies from this lab and others of proviral DNA isolated from various cell-adapted strains of EIAV have indicated a high degree of S2 gene sequence conservation among different viral isolates, even after long-term passage in cell culture (5, 8, 13, 19) . The current studies, however, are the first published analyses of the evolution of the S2 gene during persistent infection and the first analysis that is based on sequencing of EIAV genomic RNA, ensuring that the S2 sequences are from replication-competent genomes. The highly conserved nature of the EIAV S2 gene established by these sequencing analyses is suggestive of a critical functional role in virus replication that is preserved despite the frequent and random nucleotide variation intrinsic to lentivirus replication. More specifically, it is important to note that the minor amount of amino acid sequence variation observed in the S2 gene was localized to one segment of the S2 gene outside of the three putative functional motifs. The conservation of these putative motifs may imply their activity in virus replication, although the role of the EIAV S2 gene in the EIAV replication cycle remains to be determined.
To evaluate directly the role of the S2 gene in viral replication properties in vivo, we investigated the replication kinetics of EIAV with wild-type and mutated S2 genes in parallel experimental infections of ponies. For this comparison, we used our reference EIAV UK molecular clone and the S2 mutant EIAV UK 2M/X, both described in detail previously (9) . EIAV UK 2M/X was generated by introduction of multiple termination codons into the S2 gene by a strategy that does not alter the amino acid sequence of the overlapping env gene downstream (9) . Both EIAV UK and EIAV UK 2M/X virus stocks were prepared by harvesting the medium from Lipofectamine (Gibco BRL)-transfected primary fetal equine kidney cells. Virus stocks of the EIAV UK and EIAV UK 2M/X were characterized for RT activity and infectivity by assay procedures described by Lichtenstein et al. (10) . Two groups of three seronegative ponies each were inoculated intravenously with 10 6.0 infectious-center doses of EIAV UK and EIAV UK 2M/X, respectively. Infected ponies were monitored daily for clinical symptoms, and plasma samples for measurements of virus load were collected from each pony at regular intervals over the 6-month observation period, as previously described (10) .
Viral pathogenicity was monitored in both sets of experimentally infected ponies by daily measurements of rectal temperature and blood platelet levels, the latter having been established as a sensitive and quantitative measure of EIAV disease severity (8, 17) . Neither the EIAV UK -nor the EIAV UK 2M/X-infected ponies displayed febrile episodes. The failure of the EIAV UK infection to produce a febrile episode is in contrast to the pathogenic properties originally described for the EIAV UK molecular clone (1). The lack of an obvious fever episode in these experimental infections, however, is consistent with more recent observations of additional EIAV UK infections of ponies indicating that the molecular clone is only weakly pathogenic, often without evident febrile episodes associated with the acute infection (C. J. Issel, unpublished data). In the absence of defined febrile episodes, we monitored the relative pathogenesis of the parental and S2 mutant virus infections by measuring daily levels of blood platelets during the acute stage of infection. These data (Fig. 3) demonstrated that during the first several weeks postinfection the ponies infected with the parental EIAV UK clone experienced a more rapid and more severe depletion of blood platelets than observed in the ponies infected with the S2 mutant virus at all time points tested. After 35 dpi, the blood platelet levels in both sets of experimentally infected ponies returned to normal for the remainder of the observation period (data not shown). The maximum platelet depletion associated with acute infection in the EIAV UK -infected ponies was an average of about 35% at 15 dpi, when the average platelet count dropped to 125,000 per l compared to the normal level of about 200,000 per l. In contrast, the ponies infected with the EIAV UK 2M/X mutant virus experienced less severe platelet reductions, with an average minimum platelet count of about 175,000 per l at 15 dpi representing only a 12% reduction in platelet levels. While neither of the observed platelet reductions qualifies by our standards (8) as clinical thrombocytopenia (defined as less than 105,000 per l), the platelet data did clearly demonstrate a reduction of in vivo virulence by the S2 mutant virus compared to the parental virus. The absence of more-pathogenic clones of EIAV that can produce chronic disease precluded a more detailed examination of the role of the S2 gene as a determinant of viral virulence.
The severity of EIAV disease has been correlated closely with the levels of virus replication in experimentally infected ponies (17) , as observed with other human and animal lentiviral infections (3, 11, 14) . Therefore, we closely monitored the levels of virus replication in the two experimental infections to assess the effect of S2 mutation on virus replication properties. To quantify the level of virus replication, we used a recently developed nonradioactive single-tube semiquantitative RT-PCR (15) with a detection limit of 20 to 50 molecules of RNA to monitor EIAV genomic RNA levels in plasma samples taken twice a week during the first 8 weeks postinfection and weekly thereafter up to 6 months. The individual plasma RNA levels measured for each plasma sample from the six ponies are presented in Fig. 4A , and a calculated median of the RNA levels for the two groups of ponies at each time point is sum- marized in Fig. 4B . As detailed in Fig. 4A , all three of the EIAV UK -infected ponies displayed similar levels of plasma viral RNA at the various time points and waves of viremia, with levels of viral RNA similar to the values measured in historical panels of EIAV PV -infected ponies (17) . Among the EIAV UK 2M/X-infected ponies, ponies 94-11 and 674 displayed similar levels of viral RNA at most of the time points examined, and these levels were in general 10 1 -to 10 4 -fold lower than the RNA levels in the EIAV UK -infected ponies at the same times postinfection, with the differential in virus replication levels (A) Individual EIAV plasma viral RNA levels measured for each pony; (B) median plasma RNA levels calculated for wild-type and mutant S2 virus-infected pony groups, respectively. Plasma viral RNA levels were analyzed by a recently developed semiquantitative RT-PCR assay with gag-specific amplification primers. The lower limit of the assay was determined to be 20 to 50 molecules of RNA per ml. Briefly, the virus pelleting and RNA extraction from plasma samples collected from experimentally infected ponies were performed as previously described (10) . The Promega Access RT-PCR system (Promega) based on a single-tube reaction was employed for the semiquantitative assay (15) . RT-PCR was carried out with 4 l of plasma viral RNA sample as specified by the manufacturer, with an EIAV gag-specific primer, Gag34 (5Ј GCTGACTCTTCTGTTGTATCG 3Ј), for both RT and PCR and an EIAV gag-specific primer, Gag11 (5Ј ATGTATGCTTGCAGAGACATTG 3Ј), for PCR only. The first-strand cDNA was synthesized at 48°C for 45 min followed by denaturing at 94°C for 2 min. Second-strand cDNA synthesis and DNA amplification were then carried out under the following cycling conditions: 30 s at 94°C, 30 s at 55°C, and 30 s at 72°C for 35 cycles; 10 min at 72°C for 1 cycle; and holding at 4°C. RT-PCR products were separated by electrophoresis in a 2% agarose gel. Gels were stained in pH 8.0 Tris-acetate-EDTA buffer containing a 1:10,000 dilution of SYBR Green I stock solution (Molecular Probes, Eugene, Oreg.) for 45 min. The intensity in each band was quantified with a PhosphorImager (Molecular Dynamics, Sunnyvale, Calif.) and the program ImageQuant (Molecular Dynamics). A standard curve, based on the known amount of synthetic RNA prepared by in vitro transcription with a T7 MEGAscript kit (Ambion, Austin, Tex.), was determined by linear regression analysis. The number of viral RNA molecules was then calculated by using the equation for this standard curve.
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on October 14, 2017 by guest http://jvi.asm.org/ steadily increasing with time. In marked contrast, the third pony (676) infected with the EIAV UK 2M/X mutant virus displayed viral RNA levels that were similar to those in the parental EIAV UK infections to about 110 dpi. After this time, the viral RNA levels observed in pony 676 were 10 1 -to 10 4 -fold less than the RNA levels observed in the parental EIAV UK infections, as seen with the other two ponies infected with the mutant EIAV UK 2M/X virus.
To account for the natural variation observed in EIAV infection in outbred ponies (17), we also calculated median RNA levels for each group of three ponies from the data presented in Fig. 4A . These median RNA levels are summarized for each group of infections in Fig. 4B . In this context, the general pattern of the kinetics of virus replication levels characteristic of the EIAV UK and EIAV UK 2M/X infections becomes more obvious. These data revealed similar levels of virus replication in the EIAV UK and EIAV UK 2M/X infections during the first 5 weeks postinfection with the average initial viremia in both pony groups being about 3 ϫ 10 4 copies of viral RNA per ml of plasma. After this time, however, there was evident a progressively increasing disparity in the replication levels of the parental and mutant viruses as measured by plasma RNA levels. After about 35 dpi, the median levels of plasma viral RNA levels in the EIAV UK -infected ponies were consistently greater than the median levels of plasma viral RNA measured in the EIAV UK 2M/X-infected ponies. At time points between 35 and 100 dpi, the parental virus replication levels were on average 10-to 100-fold greater than the levels of virus replication observed with the S2 mutant virus. A maximum differential between virus replication levels (6,000-fold) appeared at about 130 dpi, when the EIAV UK RNA levels averaged about 5 ϫ 10 7 copies/ml and the EIAV UK 2M/X RNA levels averaged about 8 ϫ 10 3 copies/ml. At the terminal 6-month time point, the EIAV UK infections averaged about 1.4 ϫ 10 4 copies per ml compared to the EIAV UK 2M/X plasma RNA levels of about 600 copies per ml. While the latter time points are suggestive of viral set points, as reported for SIV and human immunodeficiency virus (HIV) infections (3, 11, 14) , the unpredictable irregular waves of viremia associated with EIAV infections during the first year postinfection (16) preclude any definitive identification of a viral set point.
Statistical analysis by the nonparametric Mann-Whitney test of the differences of the median levels of virus replication between the two groups of infections revealed statistically relevant differences in median viral RNA levels at intermittent time points during the first 80 dpi (e.g., 8, 15, 18, 43, 75 , and 80 dpi), usually associated with peaks of viremia. However, statistically significant differences (P Ͻ 0.05) for the level of virus replication between the two infection groups were consistently observed at all time points after 120 dpi.
To ensure that the S2 mutations in the EIAV UK 2M/X virus were stable during the 6-month infection, we analyzed the S2 gene sequences present in plasma RNA from the three EIAV UK 2M/X-infected ponies to confirm the presence of the two stop codons that were engineered into the S2 gene. Plasma samples collected at 194 dpi from each EIAV UK 2M/X-infected pony were used for viral RNA isolation and RT-PCR sequence analyses of the S2 gene (data not shown). These S2 sequence analyses demonstrated a conservation of the two engineered termination codons in all of the EIAV UK 2M/X S2 genes analyzed from each pony, confirming a lack of S2 reversion in these experimentally infected ponies. Therefore, the observed differences in levels of virus replication that developed late in infection cannot be attributed to in vivo changes in the S2 gene sequence of the mutant virus. While rapid in vivo reversions of many site-directed mutations of lentiviral accessory genes have been reported (6, 7) , the absence of S2 reversion over the 6.5-month observation period may be attributed to the nature of the engineered mutations that require a minimum of 9 base changes to accomplish a reversion to wild-type and S2 gene expression (9) .
Taken together, the studies described here reveal for the first time that deletion of the S2 gene by introducing stop codons from the EIAV genome reduces the level of virus replication and apparent virulence in vivo, with the differences in virus replication levels between the parental and mutant S2 viral strains becoming more pronounced as the infection progresses. This in vivo phenotype was somewhat unexpected, as we previously observed no differences in the in vitro replication properties of these same parental and S2 mutant viruses in cultured equine macrophages, even after prolonged serial passage (9) . Thus, these experiments suggest that while the S2 gene is not essential for virus replication, it does influence viral replication properties in vivo, presumably via some accessory role in virus replication. In this regard, the EIAV S2 gene function may be analogous to the HIV-SIV accessory gene nef and others (including vif, vpr, and vpu in HIV type 1 and Vpx in HIV type 2 and SIV) in that, while dispensable for virus growth in most tissue culture systems, these accessory genes are critically important for viral growth in vivo (2, 22) . The current studies of EIAV S2 function in viral replication also emphasize the importance of evaluating gene function under conditions of natural infection in the appropriate host, as in vitro cell culture assays may not detect critical in vivo properties of lentivirus genes. In addition, the studies with EIAV demonstrate that phenotypic differences may not be evident early in infection but can become more apparent with time as the effect is amplified through multiple rounds of virus replication.
Although the current studies clearly demonstrated the importance of the S2 gene in vivo, the functional role of S2 remains unknown. Equine macrophages in tissues are the predominant in vivo target cells for EIAV, and differentiation of the monocyte to macrophage is required to produce a productive infection (12, 18, 21) . Our previous experiments addressing the importance of the S2 gene for viral replication by modulation of macrophage/monocyte lineage cells failed to disclose any obvious differences in viral replication between EIAV UK 2M/X-and parental virus-infected cultures (9) . However, the replication of the S2 mutant virus EIAV UK 2M/X in equine blood monocyte-derived macrophages and an equine blood monocyte differentiation-maturation culture system did consistently reveal an initial delay in S2 mutant virus replication compared to the parental virus, perhaps suggesting a subtle in vitro effect that is amplified in vivo. Studies of the accessory genes of other lentiviruses define a variety of functions, a number of which affect the activation state of target cells (2, 4) . Additional experiments are being directed toward defining the role of the S2 gene of EIAV in different steps of viral replication and in the effect of S2 protein expression on monocyte/ macrophage activation.
